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MEMORY CELLS, SEMICONDUCTOR
STRUCTURES, SEMICONDUCTOR DEVICES,
AND METHODS OF FABRICATION

TECHNICAL FIELD

The present disclosure, in various embodiments, relates
generally to the field of memory device design and fabrica-
tion. More particularly, this disclosure relates to design and
fabrication of memory cells characterized as spin torque
transfer magnetic random access memory (STT-MRAM)
cells, to semiconductor structures employed in such memory
cells, and to semiconductor devices incorporating such
memory cells.

BACKGROUND

Magnetic Random Access Memory (MRAM) is a non-
volatile computer memory technology based on magnetore-
sistance. One type of MRAM cell is a spin torque transfer
MRAM (STT-MRAM) cell, which includes a magnetic cell
core supported by a substrate. The magnetic cell core includes
at least two magnetic regions, for example, a “fixed region”
and a “free region,” with a non-magnetic region between. The
free region and the fixed region may exhibit magnetic orien-
tations that are either horizontally oriented (“in-plane”) or
perpendicularly oriented (“out-of-plane”) relative to the
width of the regions. The fixed region includes a magnetic
material that has a substantially fixed (e.g., a non-switchable)
magnetic orientation. The free region, on the other hand,
includes a magnetic material that has a magnetic orientation
that may be switched, during operation of the cell, between a
“parallel” configuration and an “anti-parallel” configuration.
In the parallel configuration, the magnetic orientations of the
fixed region and the free region are directed in the same
direction (e.g., north and north, east and east, south and south,
orwest and west, respectively). In the “anti-parallel” configu-
ration, the magnetic orientations of the fixed region and the
free region are directed in opposite directions (e.g., north and
south, east and west, south and north, or west and east, respec-
tively). In the parallel configuration, the STT-MRAM cell
exhibits a lower electrical resistance across the magnetore-
sistive elements (e.g., the fixed region and free region). This
state of low electrical resistance may be defined as a “0” logic
state of the MRAM cell. In the anti-parallel configuration, the
STT-MRAM cell exhibits a higher electrical resistance across
the magnetoresistive elements. This state of high electrical
resistance may be defined as a “1” logic state of the STT-
MRAM cell.

Switching of the magnetic orientation of the free region
may be accomplished by passing a programming current
through the magnetic cell core and the fixed and free regions
therein. The fixed region polarizes the electron spin of the
programming current, and torque is created as the spin-polar-
ized current passes through the core. The spin-polarized elec-
tron current exerts the torque on the free region. When the
torque of the spin-polarized electron current passing through
the core is greater than a critical switching current density (1)
of'the free region, the direction of the magnetic orientation of
the free region is switched. Thus, the programming current
can be used to alter the electrical resistance across the mag-
netic regions. The resulting high or low electrical resistance
states across the magnetoresistive elements enable the write
and read operations of the MRAM cell. After switching the
magnetic orientation of the free region to achieve the one of
the parallel configuration and the anti-parallel configuration
associated with a desired logic state, the magnetic orientation
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of the free region is usually desired to be maintained, during
a “storage” stage, until the MRAM cell is to be rewritten to a
different configuration (i.e., to a different logic state).

A magnetic region’s magnetic anisotropy (“MA”) is an
indication of the directional dependence of the material’s
magnetic properties. Therefore, the MA is also an indication
of the strength of the material’s magnetic orientation and of
its resistance to alteration of its orientation. Interaction
between certain nonmagnetic material (e.g., oxide material)
and magnetic material may induce MA (e.g., increase MA
strength) along a surface of the magnetic material, adding to
the overall MA strength of the magnetic material and the
MRAM cell. A magnetic material exhibiting a magnetic ori-
entation with a high MA strength may be less prone to alter-
ation of its magnetic orientation than a magnetic material
exhibiting a magnetic orientation with a low MA strength.
Therefore, a free region with a high M A strength may be more
stable during storage than a free region with a low MA
strength.

Other beneficial properties of free regions are often asso-
ciated with the microstructure of the free regions. These prop-
erties include, for example, the cell’s tunnel magnetoresis-
tance (“TMR”). TMR is a ratio of the difference between the
cell’s electrical resistance in the anti-parallel configuration
(R,,) and its resistance in the parallel configuration (R, )to R,
(ie, TMR=R,,-R,)/R,). Generally, a free region with a
consistent crystal structure (e.g., a bee (001) crystal structure)
having few structural defects in the microstructure ofits mag-
netic material has a higher TMR than a thin free region with
structural defects. A cell with high TMR may have a high
read-out signal, which may speed the reading of the MRAM
cell during operation. High TMR may also enable use of low
programming current.

Efforts have been made to form free regions having high
MA strength and having microstructures that are conducive
for high TMR. However, because compositions and fabrica-
tion conditions that promote a desirable characteristic—such
as a characteristic that enables high MA, high TMR, or
both—often inhibit other characteristics or performance of
the MRAM cell, forming MRAM cells that have both high
MA strength and high TMR has presented challenges.

For example, efforts to form magnetic material at a desired
crystal structure include propagating the desired crystal struc-
ture to the magnetic material (referred to herein as the “tar-
geted magnetic material”) from a neighboring material (re-
ferred to herein as the “seed material”). However,
propagating the crystal structure may be inhibited, or may
lead to microstructural defects in the targeted magnetic mate-
rial, if the seed material has defects in its crystal structure, if
the targeted magnetic material has a competing crystal struc-
ture to that of the crystal material, or if competing crystal
structures are also propagating to the targeted magnetic mate-
rial from materials other than the seed material.

Efforts to ensure that the seed material has a consistent,
defect-free crystal structure that can be successfully propa-
gated to a targeted magnetic material have included annealing
the seed material. However, because both the seed material
and the targeted magnetic material are often simultaneously
exposed to the annealing temperatures, while the anneal
improves the crystal structure of the seed material, the anneal
may also begin crystallization of other materials, including
the targeted magnetic material and other neighboring mate-
rials. This other crystallization can compete with and inhibit
the propagation of the desired crystal structure from the seed
material.

Efforts to delay crystallization of the targeted magnetic
material, until after the seed material is crystallized into a
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desired crystal structure, have included incorporating an
additive into the targeted magnetic material, when initially
formed, so that the targeted magnetic material is initially
amorphous. For example, where the targeted magnetic mate-
rial is a cobalt-iron (CoFe) magnetic material, boron (B) may
be added so thata cobalt-iron-boron (CoFeB) magnetic mate-
rial may be used as a precursor material and formed in an
initially-amorphous state. The additive may diffuse out of the
targeted magnetic material during the anneal, enabling the
targeted magnetic material to crystallize under propagation
from the seed material, after the seed material has crystallized
into the desired crystal structure. While these efforts may
decrease the likelihood that the targeted magnetic material
will be initially formed with a microstructure that will com-
pete with the crystal structure to be propagated from the seed
material, the efforts do not inhibit the propagation of compet-
ing crystal structures from neighboring materials other than
the seed material. Moreover, the additive diffusing from the
targeted magnetic material may diffuse to regions within the
structure where the additive interferes with other character-
istics of the structure, e.g., MA strength. Therefore, forming
a magnetic material with a desired microstructure, e.g., to
enable a high TMR, while not deteriorating other character-
istics of the magnetic material or the resulting structure, such
as MA strength, can present challenges.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional, elevational, schematic illustra-
tion of a magnetic cell structure according to an embodiment
of'the present disclosure, wherein the magnetic cell structure
includes a fixed region overlying a free region, a single oxide
region, and a trap region proximate to the free region.

FIG. 1A is an enlarged view of box 1AB of FIG. 1, accord-
ing to an alternate embodiment of the present disclosure,
wherein the fixed region includes an oxide-adjacent portion,
an intermediate portion, and an electrode-adjacent portion.

FIG. 1B is an enlarged view of box 1AB of FIG. 1, accord-
ing to another alternate embodiment of the present disclosure,
wherein the fixed region includes an oxide-adjacent portion,
an intermediate trap portion, and an electrode-adjacent por-
tion.

FIG. 2 is a cross-sectional, elevational, schematic illustra-
tion of a magnetic cell structure according to an embodiment
of'the present disclosure, wherein the magnetic cell structure
includes a fixed region overlying a free region, dual oxide
regions proximate to the free region, and a trap region also
proximate to the free region.

FIG. 2C s an enlarged view of box 2C of FIG. 2, according
to an alternate embodiment of the present disclosure, wherein
atrap region is spaced from a magnetic region by an interme-
diate region.

FIG. 3 is a cross-sectional, elevational, schematic illustra-
tion of a section of a magnetic cell structure according to an
embodiment of the present disclosure, wherein a free region
and a fixed region exhibit in-plane magnetic orientations.

FIG. 4A is a cross-sectional, elevational, schematic illus-
tration of a magnetic cell structure according to an embodi-
ment of the present disclosure, wherein the magnetic cell
structure includes a fixed region underlying a free region, a
single oxide region proximate to the free region, and a trap
region also proximate to the free region.

FIG. 4B is a cross-sectional, elevational, schematic illus-
tration of a magnetic cell structure according to an embodi-
ment of the present disclosure, wherein the magnetic cell
structure includes a fixed region underlying a free region, a
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4

single oxide region proximate to the free region, a trap region
also proximate to the free region, and another trap region
proximate to the fixed region.

FIG. 5 is a cross-sectional, elevational, schematic illustra-
tion of a magnetic cell structure according to an embodiment
of'the present disclosure, wherein the magnetic cell structure
includes a fixed region underlying a free region, dual oxide
regions, a trap region proximate to one of the dual oxide
regions and also proximate to the free region, and another trap
region proximate to the fixed region.

FIG.5A is an enlarged view of box 5A of FIG. 5, according
to an alternate embodiment of the present disclosure, wherein
discrete trap sub-regions alternate with discrete secondary
oxide sub-regions.

FIGS. 6 through 9C are cross-sectional, elevational, sche-
matic illustrations during various stages of processing to fab-
ricate the magnetic cell structures of FIGS. 1, 1A, and 1B,
according to embodiments of the present disclosure, wherein:

FIG. 6 is a cross-sectional, elevational, schematic illustra-
tion of a structure during a stage of processing, the structure
including a precursor trap material;

FIG. 6A is a cross-sectional, elevational, schematic illus-
tration of the structure of FIG. 6, with the precursor trap
material illustrated in further detail, according to an embodi-
ment of the present disclosure, wherein the precursor trap
material is formed to have a structure of alternating attracter
species;

FIG. 6B is a cross-sectional, elevational, schematic illus-
tration of a stage of processing preceding that of FIG. 6,
wherein an attracter material is bombarded to form the pre-
cursor trap material of FIG. 6;

FIG. 6C is a cross-sectional, elevational, schematic illus-
tration of a stage of processing preceding that of FIG. 6 and
following that of FIG. 6 A, wherein the structure of alternating
attracter species is bombarded to form the precursor trap
material of FIG. 6;

FIG. 6D is an enlarged view of box 6D of FIG. 6, according
to the embodiment of FIG. 6 A or 6C, with a simplified illus-
tration of trap sites of the precursor trap material of FIG. 6;

FIG. 6E is an enlarged view of box 6D of FIG. 6 during a
stage of processing subsequent to that of FIG. 6D, wherein a
diffused species has reacted with the trap sites of FIG. 6D to
form an enriched intermediate trap material;

FIG. 6F is an enlarged view of box 6D of FIG. 6 during a
stage of processing subsequent to that of FIG. 6E, wherein the
attracter species and the diffused species in the enriched
intermediate trap material of F1G. 6 E have intermixed to form
an amorphous trap material;

FIG. 6G is an enlarged view of box 6D, during the stage of
processing of FIG. 6, according to an embodiment in which
the precursor trap material comprises cobalt (Co), iron (Fe),
and tungsten (W);

FIG. 6H is an enlarged view of box 6D, during the stage of
processing of FIG. 6, according to another embodiment in
which the precursor trap material comprises ruthenium (Ru)
and tungsten (W);

FIG. 7 is a cross-sectional, elevational, schematic illustra-
tion of a structure during a stage of processing subsequent to
that of FIGS. 6 and 6D, and preceding that of FIG. 6E;

FIG. 7A is an enlarged view of box 7A of FIG. 7, with a
simplified illustration of a diffusive species in a precursor
magnetic material adjacent to the precursor trap material of
FIG. 6 and FIG. 6D;

FIG. 8 is a cross-sectional, elevational, schematic illustra-
tion of an annealed structure during a stage of processing
subsequent to that of FIGS. 7 and 7A and concurrent with that
of FIG. 6F;
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FIG. 8A is an enlarged view of box 8A of FIG. 8, with a
simplified illustration of the diffusive species from the pre-
cursor magnetic material of FIG. 7A, now as the diffused
species in the amorphous trap material of FIG. 6F;

FIG. 9A is a cross-sectional, elevational, schematic illus-
tration of a precursor structure during a stage of processing
subsequent to that of FIG. 8, according to an embodiment of
the present disclosure;

FIG. 9B is a cross-sectional, elevational, schematic illus-
tration of a precursor structure during a stage of processing
subsequent to that of FIG. 8, according to an alternate
embodiment of the present disclosure; and

FIG. 9C is an enlarged view of box 9C of FIG. 9B, illus-
trating a stage of processing subsequent to that of FIG. 9B.

FIG. 10 is a schematic diagram of an STT-MRAM system
including a memory cell having a magnetic cell structure
according to an embodiment of the present disclosure.

FIG. 11 is a simplified block diagram of a semiconductor
device structure including memory cells having a magnetic
cell structure according to an embodiment of the present
disclosure.

FIG. 12 is a simplified block diagram of a system imple-
mented according to one or more embodiments of the present
disclosure.

DETAILED DESCRIPTION

Memory cells, semiconductor structures, semiconductor
devices, memory systems, electronic systems, methods of
forming memory cells, and methods of forming semiconduc-
tor structures are disclosed. During fabrication of the memory
cell, a “diffusive species” is at least partially removed from a
magnetic material, which may also be characterized as a
“precursor magnetic material,” due to proximity of the pre-
cursor magnetic material to a “precursor trap material” that
includes at least one attracter species. The at least one
attracter species has at least one trap site and has a higher
chemical affinity for the diffusive species compared to a
chemical affinity between the diffusive species and other
species in the precursor magnetic material. The diffusive
species may diffuse from the precursor magnetic material to
the precursor trap material. Therein, the diffused species may
bond with the attracter species at what was the trap site. The
removal of the diffusive species from the precursor magnetic
material, which forms what may be characterized as a
“depleted magnetic material,” promotes crystallization of the
depleted magnetic material into a desired crystal structure
(e.g., a bee (001) structure). Moreover, the presence of the
diffused species in the precursor trap material, which forms
what may be characterized as an “enriched precursor trap
material,” and intermixing of the species of the enriched
precursor trap material, may form an enriched trap material
that has a microstructure, e.g., an amorphous microstructure,
that does not adversely impact the magnetic material’s ability
to crystallize into the desired crystal structure. Thus, the
depleted magnetic material may be crystallized into a micro-
structure that enables a memory cell including the depleted
magnetic material to exhibit high tunnel magnetoresistance
(“TMR”) and to have magnetic anisotropy (“MA”) induced,
along interfaces of the magnetic material (e.g., the depleted
magnetic material), by one or more neighboring oxide mate-
rials.

As used herein, the term “substrate” means and includes a
base material or other construction upon which components,
such as those within memory cells, are formed. The substrate
may be a semiconductor substrate, a base semiconductor
material on a supporting structure, a metal electrode, or a
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semiconductor substrate having one or more materials, struc-
tures, or regions formed thereon. The substrate may be a
conventional silicon substrate or other bulk substrate includ-
ing a semiconductive material. As used herein, the “bulk
substrate” means and includes not only silicon wafers, but
also silicon-on-insulator (“SOI”) substrates, such as silicon-
on-sapphire (“SOS”) substrates or silicon-on-glass (“SOG”)
substrates, epitaxial layers of silicon on a base semiconductor
foundation, or other semiconductor or optoelectronic mate-
rials, such as silicon-germanium (Si, ,Ge,, where x is, for
example, a mole fraction between 0.2 and 0.8), germanium
(Ge), gallium arsenide (GaAs), gallium nitride (GaN), or
indium phosphide (InP), among others. Furthermore, when
reference is made to a “substrate” in the following descrip-
tion, previous process stages may have been utilized to form
materials, regions, or junctions in the base semiconductor
structure or foundation.

As used herein, the tem. “STT-MRAM cell” means and
includes a magnetic cell structure that includes a magnetic
cell core including a nonmagnetic region disposed between a
free region and a fixed region. The nonmagnetic region may
be an electrically insulative (e.g., dielectric) region, in a mag-
netic tunnel junction (“MTJ”) configuration. For example,
the nonmagnetic region, between the free and fixed regions,
may be an oxide region (referred to herein as the “intermedi-
ate oxide region”).

Asused herein, the term “secondary oxide region” refers to
an oxide region of an STT-MRAM cell other than the inter-
mediate oxide region. The secondary oxide region may be
formulated and positioned to induce magnetic anisotropy
(“MA”) with a neighboring magnetic material.

As used herein, the term “magnetic cell core” means and
includes a memory cell structure comprising the free region
and the fixed region and through which, during use and opera-
tion of the memory cell, current may be passed (i.e., flowed)
to effect a parallel or anti-parallel configuration of the mag-
netic orientations of the free region and the fixed region.

As used herein, the term “magnetic region” means a region
that exhibits magnetism. A magnetic region includes a mag-
netic material and may also include one or more non-mag-
netic materials.

As used herein, the term “magnetic material” means and
includes ferromagnetic materials, ferrimagnetic materials,
antiferromagnetic, and paramagnetic materials.

As used herein, the term’s “CoFeB material” and “CoFeB
precursor material” mean and include a material comprising
cobalt (Co), iron (Fe), and boron (B) (e.g., Co,Fe B,, wherein
x=10 to 80, y=10 to 80, and z=0 to 50). A CoFeB material or
a CoFeB precursor material may or may not exhibit magne-
tism, depending on its configuration (e.g., its thickness).

As used herein, the term “species” means and includes an
element or elements from the Periodic Table of Elements
composing a material. For example, and without limitation, in
a CoFeB material, each of Co, Fe, and B may be referred to as
a species of the CoFeB material.

As used herein, the term “diffusive species” means and
includes a chemical species of a material, the presence of
which in the material is not necessary or, in at least one
instance, desirable for the functionality of the material. For
example, and without limitation, in a CoFeB material of a
magnetic region, B (boron) may be referred to as a diffusive
species to the extent that the presence of B in combination
with Co and Fe is not necessary for the Co and Fe to function
as a magnetic material (i.e., to exhibit magnetism). Following
diffusion, the “diffusive species” may be referred to as a
“diffused species.”
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Asused herein, the term “depleted,” when used to describe
a material, describes a material resulting from removal, in
whole or part, of a diffusive species from a precursor material.

Asused herein, the term “enriched,” when used to describe
a material, describes a material to which the diffused species
has been added (e.g., transferred).

As used herein, the term “precursor,” when referring to a
material, region, or structure, means and refers to a material,
region, or structure to be transformed into a resulting mate-
rial, region, or structure. For example, and without limitation,
a “precursor material” may refer to a material from which a
species is to be diffused to transform the precursor material
into a depleted material; a “precursor material” may refer to a
material into which a species is to be diffused to transform the
precursor material into an enriched material; a “precursor
material” may refer to an unsaturated material having trap
sites with which a species is to be chemically bonded to
convert the “precursor material” into a material in which the
once-available trap sites are now occupied by the species; and
“a precursor structure” may refer to a structure of materials or
regions to be patterned to transform the precursor structure
into a resulting, patterned structure.

As used herein, unless the context indicates otherwise, the
term “Twined from,” when describing a material or region,
refers to a material or region that has resulted from an act that
produced a transformation of a precursor material or precur-
sor region.

As used herein, the term “chemical affinity” means and
refers to the electronic property by which dissimilar chemical
species tend to form chemical compounds. Chemical affinity
may be indicated by the heat of formation of the chemical
compound. For example, a first material described as having
a higher chemical affinity for a diffusive species of a second
material compared to the chemical affinity between the dif-
fusive species and other species of the second material means
and includes that a heat of formation of a chemical compound
that includes the diffusive species and at least one species
from the first material is lower than a heat of formation of a
chemical compound that includes the diffusive species and
the other species of the second material.

Asused herein, the term “unsaturated material” means and
refers to a material comprising atoms having at least one trap
site.

As used herein, the term “trap site” means and refers to at
least one of an under-coordinated, frustrated, or dangling
bond or point defect of an atom or structure of the material
comprising the trap site. For example, and without limitation,
a “trap site” includes an unsatisfied valence on an atom. Due
to the unsatisfied coordination or valency, the trap site is
highly reactive, and, in case of covalent bonding, the unpaired
electrons of the dangling bond react with electrons in other
atoms in order to fill the valence shell of the atom. The atom
with a trap site may be a free radical in an immobilized
material, e.g., a solid.

As used herein, the term “amorphous,” when referring to a
material, means and refers to a material having a noncrystal-
line structure. For example, and without limitation, an “amor-
phous” material includes glass.

Asused herein, the term “fixed region” means and includes
a magnetic region within the STT-MRAM cell that includes a
magnetic material and that has a fixed magnetic orientation
during use and operation of the STT-MRAM cell in that a
current or applied field effecting a change in the magnetiza-
tion direction of one magnetic region (e.g., the free region) of
the cell core may not effect a change in the magnetization
direction of the fixed region. The fixed region may include
one or more magnetic materials and, optionally, one or more
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non-magnetic materials. For example, the fixed region may
be configured as a synthetic antiferromagnet (SAF) including
a sub-region of ruthenium (Ru) adjoined by magnetic sub-
regions. Alternatively, the fixed region may be configured
with structures of alternating sub-regions of magnetic mate-
rial and coupler material. Each of the magnetic sub-regions
may include one or more materials and one or more regions
therein. As another example, the fixed region may be config-
ured as a single, homogeneous magnetic material. Accord-
ingly, the fixed region may have uniform magnetization, or
sub-regions of differing magnetization that, overall, effect the
fixed region having a fixed magnetic orientation during use
and operation of the STT-MRAM cell.

As used herein, the term “coupler,” when referring to a
material, region, or sub-region, means and includes a mate-
rial, region, or sub-region formulated or otherwise configured
to antiferromagnetically couple neighboring magnetic mate-
rials, regions, or sub-regions.

As used herein, the term “free region” means and includes
a magnetic region within the STT-MRAM cell that includes a
magnetic material and that has a switchable magnetic orien-
tation during use and operation of the STT-MRAM cell. The
magnetic orientation may be switched between a parallel
configuration and an anti-parallel configuration by the appli-
cation of a current or applied field.

As used herein, “switching” means and includes a stage of
use and operation of the memory cell during which program-
ming current is passed through the magnetic cell core of the
STT-MRAM cell to effect a parallel or anti-parallel configu-
ration of the magnetic orientations of the free region and the
fixed region.

Asusedherein, “storage” means and includes a stage ofuse
and operation of the memory cell during which programming
current is not passed through the magnetic cell core of the
STT-MRAM cell and in which the parallel or anti-parallel
configuration of the magnetic orientations of the free region
and the fixed region is not purposefully altered.

As used herein, the term “vertical” means and includes a
direction that is perpendicular to the width and length of the
respective region. “Vertical” may also mean and include a
direction that is perpendicular to a primary surface of the
substrate on which the STT-MRAM cell is located.

As used herein, the term “horizontal” means and includes
a direction that is parallel to at least one of the width and
length of the respective region. “Horizontal” may also mean
and include a direction that is parallel to a primary surface of
the substrate on which the STT-MRAM cell is located.

As used herein, the term “sub-region,” means and includes
a region included in another region. Thus, one magnetic
region may include one or more magnetic sub-regions, i.e.,
sub-regions of magnetic material, as well as non-magnetic
sub-regions, i.e., sub-regions of non-magnetic material.

As used herein, the term “between” is a spatially relative
term used to describe the relative disposition of one material,
region, or sub-region relative to at least two other materials,
regions, or sub-regions. The term “between” can encompass
both a disposition of one material, region, or sub-region
directly adjacent to the other materials, regions, or sub-re-
gions and a disposition of one material, region, or sub-region
indirectly adjacent to the other materials, regions, or sub-
regions.

As used herein, the term “proximate to” is a spatially
relative term used to describe disposition of one material,
region, or sub-region near to another material, region, or
sub-region. The term “proximate” includes dispositions of
indirectly adjacent to, directly adjacent to, and internal to.
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As used herein, reference to an element as being “on” or
“over” another element means and includes the element being
directly on top of, adjacent to, underneath, or in direct contact
with the other element. It also includes the element being
indirectly on top of, adjacent to, underneath, or near the other
element, with other elements present therebetween. In con-
trast, when an element is referred to as being “directly on” or
“directly adjacent to” another element, there are no interven-
ing elements present.

As used herein, other spatially relative terms, such as
“below,” “lower,” “bottom,” “above,” “upper,” “top,” and the
like, may be used for ease of description to describe one
element’s or feature’s relationship to another element(s) or
feature(s) as illustrated in the figures. Unless otherwise speci-
fied, the spatially relative twins are intended to encompass
different orientations of the materials in addition to the ori-
entation as depicted in the figures. For example, if materials in
the figures are inverted, elements described as “below” or
“under” or “on bottom of” other elements or features would
then be oriented “above” or “on top of” the other elements or
features. Thus, the term “below™ can encompass both an
orientation of above and below, depending on the context in
which the term is used, which will be evident to one of
ordinary skill in the art. The materials may be otherwise
oriented (rotated 90 degrees, inverted, etc.) and the spatially
relative descriptors used herein interpreted accordingly.

As used herein, the terms “comprises,” “comprising,”
“includes,” and/or “including” specify the presence of stated
features, regions, stages, operations, elements, materials,
components, and/or groups, but do not preclude the presence
or addition of one or more other features, regions, stages,
operations, elements, materials, components, and/or groups
thereof.

Asused herein, “and/or” includes any and all combinations
of one or more of the associated listed items.

As used herein, the singular forms “a,” “an,” and “the” are
intended to include the plural forms as well, unless the con-
text clearly indicates otherwise.

The illustrations presented herein are not meant to be
actual views of any particular material, species, structure,
device, or system, but are merely idealized representations
that are employed to describe embodiments of the present
disclosure.

Embodiments are described herein with reference to cross-
sectional illustrations that are schematic illustrations.
Accordingly, variations from the shapes of the illustrations as
a result, for example, of manufacturing techniques and/or
tolerances, are to be expected. Thus, embodiments described
herein are not to be construed as limited to the particular
shapes or regions as illustrated but may include deviations in
shapes that result, for example, from manufacturing tech-
niques. For example, a region illustrated or described as box-
shaped may have rough and/or nonlinear features. Moreover,
sharp angles that are illustrated may be rounded. Thus, the
materials, features, and regions illustrated in the figures are
schematic in nature and their shapes are not intended to illus-
trate the precise shape of a material, feature, or region and do
not limit the scope of the present claims.

The following description provides specific details, such as
material types and processing conditions, in order to provide
a thorough description of embodiments of the disclosed
devices and methods. However, a person of ordinary skill in
the art will understand that the embodiments of the devices
and methods may be practiced without employing these spe-
cific details. Indeed, the embodiments of the devices and
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methods may be practiced in conjunction with conventional
semiconductor fabrication techniques employed in the indus-
try.

The fabrication processes described herein do not form a
complete process flow for processing semiconductor device
structures. The remainder of the process flow is known to
those of ordinary skill in the art. Accordingly, only the meth-
ods and semiconductor device structures necessary to under-
stand embodiments of the present devices and methods are
described herein.

Unless the context indicates otherwise, the materials
described herein may be formed by any suitable technique
including, but not limited to, spin coating, blanket coating,
chemical vapor deposition (“CVD”), atomic layer deposition
(“ALD”), plasma enhanced ALD, physical vapor deposition
(“PVD”) (e.g., sputtering), or epitaxial growth. Depending on
the specific material to be formed, the technique for deposit-
ing or growing the material may be selected by a person of
ordinary skill in the art.

Unless the context indicates otherwise, the removal of
materials described herein may be accomplished by any suit-
able technique including, but not limited to, etching, ion
milling, abrasive planarization, or other known methods.

Reference will now be made to the drawings, where like
numerals refer to like components throughout. The drawings
are not necessarily drawn to scale.

A memory cell is disclosed. The memory cell includes a
magnetic cell core that includes an amorphous region proxi-
mate to a magnetic region. The amorphous region is formed
from a precursor trap material that comprises at least one
attracter species having at least one trap site. The attracter
species has a chemical affinity for a diffusive species of a
precursor magnetic material from which the magnetic region
is formed. Therefore, the attracter species is selected to attract
the diffusive species from the precursor magnetic material,
and the precursor trap material is configured, with its trap
sites, to provide sites at which the diffused species may react
with and bond to the attracter species.

To promote the presence of trap sites in the precursor trap
material, the precursor trap material may be configured to
include alternating sub-regions of a plurality of attracter spe-
cies, such that trap sites are prevalent at multiple interfaces
between the sub-regions. Alternatively or additionally, the
presence of trap sites may be promoted by bombarding the
precursor trap material, e.g., with a “bombarding species,” to
form additional trap sites in the material. The increased con-
centration of trap sites of one or more attracter species in the
precursor trap material configures the precursor trap material
to attract the diffusive species from the precursor magnetic
material and to retain, at least substantially, the diffused spe-
cies in the enriched trap material.

The removal of the diffusive species from the precursor
magnetic material may enable and improve crystallization of
the depleted magnetic material. For example, once the diffu-
sive species has been removed from the precursor magnetic
material, a crystalline structure may propagate to the depleted
magnetic material from a neighboring crystalline material,
e.g., a crystalline oxide material. Moreover, the enriched trap
material may remain or become amorphous, once the diffused
species intermixes with the at least one attracter species and
any other species of the enriched trap material, if present. The
amorphous nature of the enriched trap material may not com-
pete with or otherwise negatively impact the propagation of
the crystal structure from the adjacent crystalline material to
the depleted magnetic material. In some embodiments, the
enriched trap material may be amorphous even at high tem-
peratures (e.g., greater than about 300° C., e.g., greater than
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about 500° C.). Therefore, a high-temperature anneal may be
used to promote the crystallization of the depleted magnetic
material without crystallizing the enriched trap material. The
crystallization of the depleted magnetic material may enable
a high TMR (e.g., greater than about 100%, e.g., greater than
about 200%). Moreover, the retention of the diffused species
in the enriched trap material, via the once-available trap sites
may inhibit the diffused species from interfering with MA-
inducement along the interface between the magnetic region
and an adjacent intermediate oxide region. Without being
limited to any one theory, it is contemplated that bonds
between the nonmagnetic and magnetic materials (e.g.,
between iron (Fe), in the magnetic region, and oxygen (O) in
the nonmagnetic region, i.e., iron-oxygen (Fe—O) bonds),
may contribute to the MA strength. Less or no diffusive
species at the interface may enable more MA-inducing bonds
to be formed. Therefore, the lack of interference by the dif-
fused species with the MA-inducing bonds may enable high
MA strength. Thus, a magnetic memory cell, with an amor-
phous, enriched trap region formed from a precursor trap
material having trap sites, may be formed with both high
TMR and high MA strength.

FIG. 1 illustrates an embodiment of a magnetic cell struc-
ture 100 according to the present disclosure. The magnetic
cell structure 100 includes a magnetic cell core 101 over a
substrate 102. The magnetic cell core 101 may be disposed
between an upper electrode 104 and a lower electrode 105.
The magnetic cell core 101 includes a magnetic region and
another magnetic region, for example, a “fixed region” 110
and a “free region” 120, respectively, with an oxide region
(e.g., an “intermediate oxide region” 130) between. The inter-
mediate oxide region 130 may be configured as a tunnel
region and may contact the fixed region 110 along interface
131 and may contact the free region 120 along interface 132.

Either or both of the fixed region 110 and the free region
120 may be formed homogeneously or, optionally, may be
formed to include more than one sub-region. For example,
with reference to FIG. 1A, in some embodiments, a fixed
region 110' of the magnetic cell core 101 (FIG. 1) may include
multiple portions. For example, the fixed region 110" may
include a magnetic sub-region as an oxide-adjacent portion
113. An intermediate portion 115, such as a conductive sub-
region, may separate the oxide-adjacent portion 113 from an
electrode-adjacent portion 117. The electrode-adjacent por-
tion 117 may include an alternating structure of magnetic
sub-regions 118 and coupler sub-regions 119.

With continued reference to FIG. 1, one or more lower
intermediary regions 140 may, optionally, be disposed under
the magnetic regions (e.g., the fixed region 110 and the free
region 120), and one or more upper intermediary regions 150
may, optionally, be disposed over the magnetic regions of the
magnetic cell structure 100. The lower intermediary regions
140 and the upper intermediary regions 150, if included, may
be configured to inhibit diffusion of species between the
lower electrode 105 and overlying materials and between the
upper electrode 104 and underlying materials, respectively,
during operation of the memory cell.

The free region 120 is formed proximate to a trap region
180. The trap region 180 is formed from a precursor trap
material comprising at least one attracter species that had trap
sites. The precursor trap material is also referred to herein as
an “unsaturated attracter material.”” The trap sites may be
formed as the result of, for example and without limitation, a
mismatched lattice structure of alternating sub-regions of
attracter species, bombarding an attracter material with a
bombarding species (e.g., ion and plasma) to form the trap
sites (i.e., by breaking existing bonds), or both.
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The attracter species is formulated to have a higher chemi-
cal affinity for a diffusive species from a precursor magnetic
material, neighboring the attracter species, than the chemical
affinity between other species of the neighboring, precursor
magnetic material and the diffusive species. The initial pres-
ence of the diffusive species in the precursor magnetic mate-
rial may inhibit crystallization of the precursor magnetic
material, but the proximity of the trap region 180 to the
precursor magnetic material may enable diffusion of the dif-
fusive species from the precursor magnetic material to mate-
rial of the trap region 180. Once diffused, the diffused species
may chemically react with the attracter species at what were
the trap sites.

The removal of the diffusive species from the precursor
magnetic material leaves a depleted magnetic material (i.e., a
magnetic material with a lower concentration of the diffusive
species compared to a concentration before diffusion) that is
able to crystallize into a desired crystal structure (e.g., a bee
(001)). The desired crystal structure may be propagated from
one or more neighboring materials, e.g., the oxide of the
intermediate oxide region 130. The crystallized, depleted
magnetic material, having the desired crystal structure, may
exhibit high TMR (e.g., greater than about 100% (about
1.00), e.g., greater than about 200% (about 2.00).

In some embodiments, the trap region 180 may be formu-
lated to be amorphous and remain amorphous while the
neighboring depleted magnetic material crystallizes. In some
such embodiments, precursor material of the trap region 180
may be non-amorphous, i.e., crystalline, when initially
formed, but the precursor material may be converted into an
amorphous structure once the diffused species, from the pre-
cursor magnetic material, has been received and intermixed
with the precursor material of trap region 180, e.g., during an
anneal. In other embodiments, the precursor material of the
trap region 180 may be amorphous when initially formed and
may remain amorphous even at high temperatures, e.g., dur-
ing an anneal, and even once enriched with the diffused
species. Thus, the material of the trap region 180 may not
inhibit the crystallization of the neighboring depleted mag-
netic material.

The thickness, composition, and structure of the trap
region 180 may be selected to provide a sufficient amount of
unsaturated attracter material (i.e., a sufficient number of trap
sites) in the trap region 180 to have a desired capacity to
receive and bond with the diffused species from the neigh-
boring precursor magnetic material. A thicker trap region
may have a relatively higher capacity for the diffused species,
compared to a thinner trap region. According to an embodi-
ment such as that illustrated in FIG. 1, the trap region 180 may
be between about 10 A (about 1.0 nm) to about 100 A (about
10.0 nm) in thickness.

With reference to FIG. 1B, in some embodiments, addi-
tional trap regions may be present. For example, another trap
region 182 may be included in the magnetic cell core 101
(FIG. 1). The another trap region 182 may be proximate to
magnetic material (e.g., the precursor magnetic material, ini-
tially, and, subsequently, the depleted magnetic material) of a
fixed region 110". In some embodiments, the another trap
region 182 may form an intermediate portion of the fixed
region 110", between an oxide-adjacent portion 114 and the
electrode-adjacent portion 117.

The another trap region 182 also includes at least one
attracter species, which may be the same as or different than
the attracter species of the trap region 180 adjacent the free
region 120. The at least one attracter species of the another
trap region 182 also included, prior to receipt of a diffused
species, trap sites. Thus, the another trap region 182 may be
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formulated, structured, and disposed so as to attract a diffu-
sive species from a neighboring precursor magnetic material
(e.g., of the oxide-adjacent portion 114) and to react with the
diffused species, to promote crystallization of the depleted
magnetic material. The another trap region 182 may be amor-
phous, e.g., once the diffused species has bonded to the
attracter species and the attracter and diffused species have
intermixed. The another trap region 182, thus enriched with
the diffused species, may remain amorphous as the neighbor-
ing depleted magnetic material crystallizes, so as to not inter-
fere with the crystallization.

With continued reference to FIG. 1, in embodiments in
which the trap region 180 is proximate to the free region 120,
the trap region 180 may be physically isolated from the fixed
region 110 by one or more other regions, e.g., by the free
region 120 and the intermediate oxide region 130. Therefore,
species of the trap region 180 may not chemically react with
species of the fixed region 110.

In embodiments such as that of FIG. 1B, the another trap
region 182, proximate to the fixed region 110" may be physi-
cally isolated from the free region 120 by one or more other
regions, e.g., by the oxide-adjacent portion 114 of the fixed
region 110" and by the intermediate oxide region 130. There-
fore, species of the another trap region 182 may not chemi-
cally react with species of the free region 120.

The magnetic cell structure 100 of FIG. 1 is configured as
a “top-pinned” memory cell, i.e., a memory cell in which the
fixed region 110 is disposed over the free region 120. The
magnetic cell structure 100 also includes a single oxide
region, i.e., the intermediate oxide region 130, which may be
configured to induce MA in the free region 120 and to func-
tion as a tunnel region of a magnetic tunnel junction (MTJ)
effected by interaction ofthe free region 120, the intermediate
oxide region 130, and the fixed region 110.

Alternatively, with reference to FIG. 2, a magnetic cell
structure 200, according to an embodiment of the present
disclosure, may be configured as a top-pinned memory cell
with a magnetic cell core 201 having dual MA-inducing oxide
regions (e.g., the intermediate oxide region 130 and a second-
ary oxide region 270). In some embodiments, such as that
illustrated in FIG. 2, the secondary oxide region 270 may be
fainted over (e.g., directly on) a foundation region 260, such
that an upper surface of the foundation region 260 and a lower
surface of the secondary oxide region 270 may contact one
another.

The foundation region 260 may provide a smooth template
upon which overlying materials, such as material of the sec-
ondary oxide region 270, are formed. In some embodiments,
the foundation region 260 is formulated and configured to
enable formation of the secondary oxide region 270 to exhibit
a crystal structure that enables formation of the free region
120, over the secondary oxide region 270, with a desired
crystal structure (e.g., a bce (001) crystal structure). For
example, and without limitation, the foundation region 260
may enable the secondary oxide region 270 to be formed
thereon with the bee (001) crystal structure or later crystal-
lized into the bee (001) crystal structure, which structure may
be propagated to a depleted magnetic material from which the
free region 120 is to be formed.

In some embodiments, the foundation region 260 may be
formed directly on the lower electrode 105. In other embodi-
ments, such as that illustrated in FIG. 2, the foundation region
260 may be formed on the one or more lower intermediary
regions 140.

In the magnetic cell core 201, the second of the dual oxide
regions, i.e., the secondary oxide region 270, may be disposed
proximate to the free region 120, e.g., adjacent to a surface of
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the free region 120 that is opposite a surface of the free region
120 proximate to the intermediate oxide region 130. Thus, the
secondary oxide region 270 may be spaced from the interme-
diate oxide region 130 by the free region 120.

The trap region 280 may separate the free region 120 from
the secondary oxide region 270. Nonetheless, it is contem-
plated that the trap region 280 may be formed to a thickness
that enables MA inducement between the free region 120 and
the secondary oxide region 270, even without the free region
120 and the secondary oxide region 270 being in direct physi-
cal contact. For example, the trap region 280 may be thin
(e.g., less than about 6 A (less than about 0.6 nm) in thickness
(e.g., between about 2.5 A (about 0.25 nm) and about 5 A
(about 0.5 nm) in height)). Thus, the trap region 280 may not
substantially degrade the MA-inducement between the oxide
region (e.g., the secondary oxide region 270) and the mag-
netic region (e.g., the free region 120). Accordingly, a mag-
netic region may be crystallized in a structure that promotes
high TMR while an adjacent oxide region promotes high MA
strength.

In the top-pinned, dual oxide region configuration of FIG.
2, the fixed region 110 may, alternatively, be configured as
either the fixed region 110" of FIG. 1A or the fixed region 110"
of FIG. 1B, as discussed above. Thus, as with the fixed region
110" of FIG. 1B, the magnetic cell structure 200 may include
more than one trap region (e.g., the trap region 280 (FIG. 2)
and the another trap region 182 (FIG. 1B)).

With respect to FIG. 2C, in this or in any other magnetic
cell structure embodiment disclosed herein, the trap region
280 may be spaced from a neighboring magnetic region (e.g.,
the free region 120) by one or more intermediate regions 290.
Such intermediate region 290 may be formulated and config-
ured to allow diffusion of the diffusive species from the mag-
netic region (e.g., the free region 120) to the trap region 280.

The memory cells of embodiments of the present disclo-
sure may be configured as out-of-plane STT-MRAM cells, as
in FIGS. 1 and 2, or as in-plane STT-MRAM cells, as illus-
trated in FIG. 3. “In-plane” STT-MRAM cells include mag-
netic regions exhibiting a magnetic orientation that is pre-
dominantly oriented in a horizontal direction, while “out-of-
plane” STT-MRAM cells, include magnetic regions
exhibiting a magnetic orientation that is predominantly ori-
ented in a vertical direction. For example, as illustrated in
FIG. 1, the STT-MRAM cell may be configured to exhibit a
vertical magnetic orientation in at least one of the magnetic
regions (e.g., the fixed region 110 and the free region 120).
The vertical magnetic orientation exhibited may be charac-
terized by perpendicular magnetic anisotropy (“PMA”)
strength. As indicated in FIG. 1 by arrows 112 and double-
pointed arrows 122, in some embodiments, each of the fixed
region 110 and the free region 120 may exhibit a vertical
magnetic orientation. The magnetic orientation of the fixed
region 110 may remain directed in essentially the same direc-
tion throughout operation of the STT-MRAM cell, for
example, in the direction indicated by arrows 112 of FIG. 1.
The magnetic orientation of the free region 120, on the other
hand, may be switched, during operation of the cell, between
a parallel configuration and an anti-parallel configuration, as
indicated by double-pointed arrows 122 of FIG. 1. As another
example, as illustrated in FIG. 3, an in-plane STT-MRAM
cell may be configured to exhibit a horizontal magnetic ori-
entation in at least one of the magnetic regions (e.g., a fixed
region 310 and a free region 320), as indicated by arrow 312
in the fixed region 310 and double-pointed arrow 322 in the
free region 320. Though FIG. 3 illustrates only the fixed
region 310, the intermediate oxide region 130, and the free
region 320, overlying regions may be those overlying the
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fixed region 110 of FIGS. 1 and 2 and underlying regions may
be those underlying the free region 120 in FIGS. 1 and 2.

Though in some embodiments, such as that of FIGS. 1 and
2, the fixed region 110 may overlay the free region 120, in
other embodiments, such as that of FIGS. 4A, 4B, and 5, the
fixed region 110 may underlay the free region 120. For
example, and without limitation, in FIG. 4A, illustrated is a
magnetic cell structure 400 having a magnetic cell core 401 in
which a fixed region 410 overlays the lower electrode 105
and, if present, the lower intermediary regions 140. The foun-
dation region 260 (FIG. 2) (not illustrated in FIG. 4A) may,
optionally, be included between, e.g., the lower electrode 105
(or the lower intermediary regions 140, if present) and the
fixed region 410. The fixed region 410 may, for example and
without limitation, be configured as a multi-sub-region fixed
region 410, with an electrode-adjacent portion 417 that may
be configured as an alternating structure as in the electrode-
adjacent portion 117 of FIGS. 1A and 1B. The oxide-adjacent
portion 113 of| e.g., a homogeneous magnetic material, may
overlay the electrode-adjacent portion 417. A sub-region,
such as the intermediate portion 115 of FIG. 1A, may be
disposed between the electrode-adjacent portion 417 and the
oxide-adjacent portion 113. The intermediate oxide region
130 may overlay the fixed region 410, and a free region 420
may overlay the intermediate oxide region 130.

A trap region 480 may be proximate to at least one of the
fixed region 410 and the free region 420. For example, as
illustrated in FIG. 4A, the trap region 480 may overlay the
free region 420. In other embodiments (not illustrated in FIG.
4A), the trap region 480 or another trap region may alterna-
tively or additionally underlay the free region 420 or be dis-
posed internal to the free region 420.

Regardless, the trap region 480 is formed from a precursor
trap material, proximate to a precursor magnetic material
(e.g., from which the free region 420 is to be formed). The
precursor trap material includes at least one attracter species,
with trap sites, formulated and structured to attract and react
with a diffused species from the precursor magnetic material
to promote crystallization of the depleted magnetic material
into a desired crystal structure that enables high TMR.

The upper electrode 104 and, if present, the upper interme-
diary regions 150 may overlay the trap region 480 and the free
region 420. Thus, the magnetic cell structure 400 is config-
ured as a “bottom-pinned” memory cell with a single MA-
inducing oxide region (e.g., the intermediate oxide region
130).

With reference to FIG. 4B, an alternate embodiment of a
magnetic cell structure 400, configured as a bottom-pinned
memory cell with a single MA-inducing oxide region, may
include substantially the same structure as the magnetic cell
structure 400 of FIG. 4A, but with a fixed region 410' of a
magnetic cell core 401" that includes another trap region 482
instead of the intermediate portion 115 of the fixed region 410
of FIG. 4A. Therefore, the magnetic cell core 401' may also
include a depleted oxide-adjacent portion 414 instead of the
non-depleted, oxide-adjacent portion 113 of FIG. 4A.

With reference to FIG. 5, illustrated is a magnetic cell
structure 500 also configured as a bottom-pinned memory
cell. The illustrated memory cell structure 500 includes a
magnetic cell core 501 having dual oxide regions, e.g., the
intermediate oxide region 130 and a secondary oxide region
570. The secondary oxide region 570 may be beneath the
upper electrode 104 and over both of the free region 420 and
the trap region 480.

In this, or in any other embodiment described herein, the
trap region 480 may be incorporated with the secondary oxide
region 570, e.g., as one or more sub-regions of the secondary
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oxide region 570. Such a trap-and-oxide-incorporated region
may be referred to herein as a “trap oxide region.” For
example, as illustrated in FIG. 5A, a trap oxide region 578
may include discrete trap sub-regions 480' inter-disposed
with discrete secondary oxide regions 570'. The discrete trap
sub-regions 480' may nonetheless be formed from precursor
trap material having attracter species with trap sites to which
the diffused species, having diffused from the precursor mag-
netic material, may bond.

The trap region (e.g., the trap region 180 (FIG. 1)) of any of
the embodiments disclosed herein may be substantially con-
tinuous (i.e., without gaps in the material of the region). In
other embodiments, however, a trap region, according to any
of the embodiments disclosed herein, may be discontinuous
(i.e., may have gaps between the material of the region).

In any of the embodiments described herein, the relative
dispositions of the fixed region 110 (FIGS. 1 and 2), 110"
(FIG.1A), 110" (FIG. 1B), 310 (FIG. 3), 410 (FIG. 4A), 410'
(FIGS. 4B and 5), the intermediate oxide region 130 (FIGS. 1
through 2 and 3 through 5), the free region 120 (FIGS. 1 and
2),320 (FIG. 3), 420 (FIGS. 4A, 4B, and 5), the trap region or
regions 180 (FIG.1),182 (FIG. 1B), 280 (FIG. 2), 480 (FIGS.
4A, 4B, and 5), 482 (FIGS. 4B and 5), the secondary oxide
region 270 (FIG. 2), 570 (FIG. 5) (if present), the trap oxide
region 578 (FIG. 5A) (if present), and any sub-regions (if
present) may be respectively reversed. Even if reversed, the
intermediate oxide region 130 is disposed between the free
region 120 (FIGS. 1 and 2), 320 (FIG. 3), 420 (FIGS. 4A, 4B,
and 5) and the fixed region 110 (FIGS. 1 and 2), 110' (FIG.
1A), 110" (FIG. 1B), 310 (FIG. 3), 410 (FIG. 4A), 410
(FIGS. 4B and 5) with at least one trap region (e.g., the trap
region 180 (FIG. 1), the another trap region 182 (FIG. 1B), the
trap region 280 (FIG. 2), the trap region 480 (FIGS. 4A, 4B,
and 5), the another trap region 482 (FIGS. 4B and 5), the trap
oxide region 578 (FIG. 5A)) proximate to precursor magnetic
material of at least one of the magnetic regions (e.g., at least
one of the free region 120 (FIGS. 1 and 2), 320 (FIG. 3), 420
(FIGS. 4A, 4B, and 5) and the fixed region 110 (FIGS. 1 and
2), 110" (FIG. 1A), 110" (FIG. 1B), 310 (FIG. 3), 410 (FIG.
4A), 410' (FIGS. 4B and 5)).

In other embodiments (not illustrated), a trap region may
include a portion that is laterally-adjacent to a magnetic
region (e.g., the free region 120). The laterally-adjacent por-
tion may be in addition to, or an alternative to, a vertically-
adjacent portion.

Accordingly, disclosed is amemory cell comprising a mag-
netic cell core. The magnetic cell core comprises a magnetic
region comprising a depleted magnetic material formed from
a precursor magnetic material comprising at least one diffu-
sive species and at least one other species. The depleted
magnetic material comprises the at least one other species.
The magnetic cell core also comprises another magnetic
region and an oxide region between the magnetic region and
the another magnetic region. An amorphous region is proxi-
mate to the magnetic region. The amorphous region is formed
from a precursor trap material comprising at least one
attracter species that has at least one trap site and a chemical
affinity for the at least one diffusive species that is higher than
a chemical affinity of the at least one other species for the at
least one diftusive species. The amorphous region comprises
the at least one attracter species bonded to the at least one
diffusive species from the precursor magnetic material.

With reference to FIGS. 6 through 9C, illustrated are stages
in a method of fabricating magnetic cell structures, such as
the magnetic cell structure 100 of FIG. 1, and according to the
embodiments of FIGS. 1A, and 1B. As illustrated in FIG. 6,
an intermediate structure 600 may be formed with a conduc-
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tive material 605 formed over the substrate 102, and a pre-
cursor trap material 680 over the conductive material 605.
Optionally, one or more lower intermediary materials 640
may be formed over the conductive material 605, before
forming the precursor trap material 680 thereover.

In other embodiments, such as may be utilized to form the
magnetic cell structure 200 of FIG. 2, or another structure
comprising a base secondary oxide region (e.g., the second-
ary oxide region 270 (FIG. 2), a foundation material (not
shown) may be formed over the conductive material 605 and
the lower intermediary materials 640, if present. An oxide
material (not shown) may be formed over the foundation
material, before forming the precursor trap material 680
thereover.

The conductive material 605, from which the lower elec-
trode 105 (FIGS. 1, 2, 4A, 4B, and 5) is formed, may com-
prise, consist essentially of, or consist of, for example and
without limitation, a metal (e.g., copper, tungsten, titanium,
tantalum), a metal alloy, or a combination thereof.

In embodiments in which the optional lower intermediary
region 140 (FIGS. 1, 2, 4A, 4B, and 5) is formed over the
lower electrode 105, the lower intermediary material 640,
from which the lower intermediary region 140 is formed, may
comprise, consist essentially of, or consist of, for example
and without limitation, tantalum (Ta), titanium (T1), tantalum
nitride (TaN), titanium nitride (TiN), ruthenium (Ru), tung-
sten (W), or a combination thereof. In some embodiments, the
lower intermediary material 640, if included, may be incor-
porated with the conductive material 605 from which the
lower electrode 105 (FIGS. 1, 2, 4A, 4B, and 5) is to be
formed. For example, the lower intermediary material 640
may be an upper-most sub-region of the conductive material
605.

In embodiments in which a foundation material is formed
over the conductive material, as if forming the magnetic cell
structure 200 of FIG. 2, the foundation material may com-
prise, consist essentially of, or consist of, for example and
without limitation, a material comprising at least one of
cobalt (Co) and iron (Fe) (e.g., a CoFeB material), a material
comprising a nonmagnetic material (e.g., a nonmagnetic con-
ductive material (e.g., a nickel-based material)), or a combi-
nation thereof. The foundation material may be formulated
and configured to provide a template that enables forming a
material (e.g., an oxide material) thereover at a desired crystal
structure (e.g., a bee (001) crystal structure).

Also in embodiments to form the magnetic cell structure
200 of FIG. 2, the oxide material, from which the secondary
oxide region 270 (FIG. 2) is to be formed, may comprise,
consist essentially of; or consist of, for example and without
limitation, a nonmagnetic oxide material (e.g., magnesium
oxide (MgO), aluminum oxide (Al,O;), titanium oxide
(Ti0,), or other oxide materials of conventional MTIJ
regions). The oxide material may be formed (e.g., grown,
deposited) directly on the foundation material, if present. In
embodiments in which the foundation material is amorphous
when initially formed, the resulting oxide material may be
crystalline (e.g., have a bee (001) crystal structure) when
initially formed over the foundation material.

The precursor trap material 680, may be formed by, for
example and without limitation, sputtering at least one
attracter species over the previously-formed materials. The
precursor trap material 680 is formulated (i.e., the at least one
attracter species is selected) to have a higher chemical affinity
for a diffusive species from a precursor magnetic material, to
be formed adjacent the precursor trap material 680, compared
to a chemical affinity between the diffusive species and
another species of the precursor magnetic material. There-
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fore, the precursor trap material 680 is formulated to attract
the diffusive species from the precursor magnetic material.

In some embodiments, each species of the precursor trap
material 680 may be formulated to have a chemical affinity
for (i.e., be compatible to chemically bond with) the diffused
species from the precursor magnetic material. In other
embodiments, fewer than all of the species of the precursor
trap material 680 may be formulated to have the desired
chemical affinity for the diffusive species. Therefore, the
precursor trap material 680 may include species non-reactive
with the diffused species or may consist of or consist essen-
tially of species that react with the diffused species.

With reference to FIGS. 6 through 6F, the precursor trap
material 680 is structured and formulated to provide at least
one trap site 687 (FIG. 6D) of at least one attracter species
684, 686 (FIGS. 6A and 6C through 6F). The trap sites 687
(FIG. 6D) enable the diftusive species, once diffused from the
precursor magnetic material, to bond with at least one of the
at least one attracter species 684, 686 so that the diffused
species may be retained in what is referred to herein as an
“enriched precursor trap material” 681 (FIG. 6E).

Structuring the precursor trap material 680 to include the
trap sites 687 (FIG. 6D) may include forming the precursor
trap material 680 with a structure of mismatched crystal lat-
tices between neighboring sub-regions of the attracter species
684, 686. As used herein, the term “mismatched crystal lat-
tices” refers to crystal lattice structures of neighboring spe-
cies that are not in alignment with one another such that 1:1
bonding between the species, to completely saturate the spe-
cies, is not readily achievable. For example, with reference to
FIGS. 6 A and 6D, a plurality of attracter species 684, 686 may
be formed, one over the other, to form an alternating structure
with interfaces 685 formed where two of the attracter species
684, 686 adjoin one another. With reference to FIG. 6D, such
amismatched crystal lattice structure may leave trap sites 687
on atoms 684", 686', 686" of the attracter species 684, 686.
The trap sites 687 may particularly occupy the interfaces 685
between species due, at least in part, to the mismatch between
crystal lattice structures of the attracter species 684, 686.

Without being limited to any particular theory, it is con-
templated that the greater the number of interfaces 685, and,
thus, the greater the number of alternating sub-regions of the
attracter species 684, 686, the greater the number of'trap sites
687 that may be included in the precursor trap material 680.
The thickness of each individual sub-region may be minimal
(e.g., approximately one atom thick or several atoms thick),
with the total thickness of such an intermediate structure 600'
tailored to provide a maximum number of trap sites 687 (i.e.,
potential bonding sites for the diffused species, during sub-
sequent processing acts) without degrading other character-
istics (e.g., electrical resistivity) of the cell to be formed.

In some embodiments, the precursor trap material 680 may
include a transition metal (e.g., tungsten (W), hathium (Hf),
molybdenum (Mo), and zirconium (Zr)) as at least one of the
attracter species 684, 686 (e.g., attracter species 684 of FIGS.
6A and 6C through 6F) and at least one of iron (Fe), cobalt
(Co), ruthenium (Ru), and nickel (Ni) as at least one other of
the attracter chemicals (e.g., attracter species 686 of FIGS.
6A and 6C through 6F).

Inone particular example, without limitation, the precursor
trap material 680 may comprise, consist essentially of, or
consist of cobalt and iron as one type of attracter species (e.g.,
the attracter species 686) and tungsten (W) as another
attracter species (e.g., the attracter species 684). Each of the
cobalt-iron and tungsten may have a chemical affinity for a
diffusive species, such as boron (B), of a neighboring precur-
sor magnetic material formulated as a CoFeB magnetic mate-
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rial. At least the chemical affinity of the tungsten for the boron
may be greater than a chemical affinity between the boron and
the other species of the precursor magnetic material (e.g.,
cobalt and iron).

In another particular example, without limitation, the pre-
cursor trap material 680 may comprise, consist essentially of,
or consist of ruthenium (Ru) as one attracter species and
tungsten (W) as another attracter species. Again, each of the
ruthenium and the tungsten may have a chemical affinity for
the diffusive species (e.g., boron (B)).

With reference to FIG. 6B, another method for structuring
the precursor trap material 680 to include the trap sites 687
(FIG. 6D) is to form, over the substrate 102, an attracter
material 680", which may not necessarily be unsaturated
when initially formed, and then bombard the attracter mate-
rial 680" with, e.g., one or more ions or radicals from plasma
as bombarding species, to induce point defects, frustrated
bonds, under-coordinated sites, or dangling bonds (i.e., trap
sites) in the microstructure of the attracter material 680". For
example, bombarding species such as argon (Ar), nitrogen
(N), helium (He), xenon (Xe) may be driven into the attracter
material 680" of intermediate structure 600", as indicated by
arrows 688, to break occupied bonds and create the trap sites
687 (F1G. 6D). In such embodiments, the bombarding species
may be retained in the precursor trap material 680 (FIGS. 6
and 6D).

With reference to FIG. 6C, a combination of techniques
may be utilized to structure the precursor trap material 680 to
include the trap sites 687 (FIG. 6D). For example, the inter-
mediate structure 600' of FIG. 6 A, with the mismatched crys-
tal lattice structure, may be subjected to the bombardment
688 process of FIG. 6B. A bombarded mismatched crystal
lattice intermediate structure 600" may include more trap
sites 687 (FIG. 6D) than may result from the techniques of
FIGS. 6A and 6B alone.

During subsequent processing, such as during an anneal
stage, a diffusive species 621' (FIG. 7A) may transfer (e.g.,
diffuse) from a neighboring precursor magnetic material to
the precursor trap material 680 during. As this occurs, as
illustrated in FIG. 6E, the trap sites 687 (FIG. 6D) may
receive and react with the diffused species 621 to form an
enriched precursor trap material 681. Atoms of the diffused
species 621 may bond to one or more of the atoms 684, 686',
686" of the attracter specics 684, 686 (see FIG. 6E).

In some embodiments, such as that of FIG. 6 A and FIG. 6C
and, optionally, also FIG. 6B, the precursor trap material 680
may be crystalline when initially formed over the substrate
102. The precursor trap material 680 may remain crystalline,
at least initially, as the diffused species 621 begins to diffuse
into and react with the trap sites 687 (FIG. 6D). However, as
the composition of enriched precursor trap material 681
changes, i.e., as more of the diffused species 621 becomes
trapped by the trap sites 687 (FIG. 6D), and as the high
temperatures of the anneal encourage material movement, the
species (e.g., the diffused species 621 and the attracter species
684, 686) of the enriched precursor trap material 681 may
intermix and convert the enriched precursor trap material 681
into an amorphous trap material 682 (also referred to herein as
an “enriched trap material 682" and an “enriched amorphous
trap material 682”), as illustrated in FIG. 6F.

In other embodiments, such as those of FIGS. 6G and 6H,
the precursor trap material 680 (FIG. 6) may be formulated to
be amorphous when initially formed over the substrate 102
and to remain amorphous throughout, e.g., an anneal. For
example, with reference to FIG. 6G, a precursor trap material
680’ may comprise, consist essentially of, or consist of iron
(Fe), cobalt (Co), and tungsten (W) and may be amorphous
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when initially formed over the substrate 102 (FIG. 6). At least
one of the atoms of the Fe, Co, and W may be under-coordi-
nated, frustrated, or have dangling bonds or point defects such
that the atoms include trap sites 687 (see FIG. 6D) (not
illustrated in FI1G. 6(). As another example, with reference to
FIG. 6H, a precursor trap material 680" may comprise, con-
sist essentially of, or consist of ruthenium (Ru) and tungsten
(W) and may be amorphous when initially formed over the
substrate 102 (FIG. 6). Atleast one of the atoms of the Ruand
W may be under-coordinated, frustrated, or having dangling
bonds or point defects such that the atoms include trap sites
687 (see FIG. 6D) (not illustrated in FIG. 6H). In either such
embodiment, the trap sites 687 (see FIG. 6D) may not be
aligned along defined interfaces, but, rather, may be distrib-
uted throughout the precursor trap material 680”" (FIG. 6G),
680" (FIG. 6H). Moreover, the enriched precursor trap mate-
rial 681 may also be amorphous. In such embodiments, the
atomic ratios of the species of the precursor trap material
680" (FIG. 6G), 680" (FIG. 6H) may be selected to enable
the precursor trap material 6